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ABSTRACT: 
 
The paper compares two workflows for the achievement of 3D models aimed at in-depth studies on the geometric features of 
Cultural Heritage artefacts and their dissemination. The purpose is the outlining of pros and cons of different techniques coming 
from entertainment and video games industry, starting from highly reliable 3D documentation of cultural assets, i.e. 
architectural/archaeological/urban sites. Two different possible applications are described: (i) procedural modelling used for 
understanding and visualising reconstruction hypotheses of the vaulted pavilions at Hadrian’s Villa, Tivoli, Rome; (ii) optimisation 
of 3D high-detailed models, as input files, turned into visual reliable and highly portable assets for game-engines. The first case 
study is focussed on creating a flexible model for evalueting reconstruction hypotheses and supplying restorers with useful hints for 
shape completion of ruined pavilions. The second case study makes available detailed digital contents for storytelling historical and 
cultural events in an attractive way, as in the case of the urban explorative model of Chiuro, a small town in northern Italy.  
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1. INTRODUCTION 
There are continuous and substantial developments in the 
research landscape on digitisation related to the documentation 
and enhancement of Cultural Heritage. Nowadays numerous 
devices, software and platforms are available for specific needs 
with particular tools to acquire, process, model and manage 3D 
assets: accuracy, usability, practicality and effectiveness are 
some of the requirements taken into consideration by users, 
together with low-cost, rapid solutions and instruments. 
For years now, digital documentation activities for CH are 
mainly based on accurate 3D reality-based models – both 
Terrestrial Laser Scanner (TLS) and photogrammetry-based –, 
especially when information on shape and colour is a basic 
requirement, aided by the fact that these methodologies and 
techniques have spread swiftly in the scientific community 
becoming increasingly affordable, reliable and ease to use, with 
manageable tools to integrate different sensors, decreasing costs 
and time (Ioannides et al., 2018; Remondino et al., 2018). 
Apart from standard solutions for documentation using digital 
models as reliable resources to communicate and share contents, 
the current trend is now turning towards novel and more 
powerful ways to enjoy CH three-dimensional contents and 
related information by means of different approaches, provided 
in response to major issues and addressing particular users 
(García-León et al., 2018). For instance, (i) to have smart and 
easy management of huge amounts of articulated and 
heterogeneous data over time (structured information systems 
and web-platforms for public administrations and 
professionals), (ii) to have flexible control over shape 
generation (parametric, procedural or generative 3D modelling 
for 3D experts), (iii) to have an intuitive and effective 
dissemination with the general public (interactive and 
immersive experiences for non-experts of digital reconstructed 
CH). 
Among the various experimentations carried out at present by 
researchers on these challenging issues, we developed our 
workflow starting from 3D reality-based models for CH 
experiencing in two different ways: on the one hand to find a 
high-performing and flexible system to deal with complex 
architecture reconstruction hypotheses, easy to handle for 
reflecting changes in case of revisions requested during the 
study by the interdisciplinary team; on the other hand to 
visualise and give access to detailed digital contents through 
game-engines for storytelling historical and cultural contents in 
an attractive way. 
The researches presented in this paper focuses on the definition 
of a workflow for the documentation of peculiar cultural assets, 
characterised by a physical complexity in terms of both spatial 
extension and data integration in order to develop an optimised 
model, with defined accuracy and geometric resolution, 
avoiding the burdensome and time-consuming manual post-
production operations generally applied to 
scanner/photogrammetric models (Merlo and Fantini, 2012; 
Merlo et al., 2013). 
The paper is organised as follows: Section 1.1 reviews briefly 
major trends and some related works in the research field, 
focussing on our proposed workflow (Section 2); Sections 3 
and 4 detail our workflow tested on two different case studies; 
Section 5 draws some conclusions on the topic. 
 
1.1 Current interests in CH digitisation 
Digitisation techniques have become customary in the CH 
domain, and 3D modelling from reality has achieved fully 
satisfactory results relating to geometric and aesthetic accuracy. 
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 Significant progress is recorded in standard procedures and 
devices for capturing high resolution models of architectural 
and archaeological artefacts, including mobile devices, UAV 
and smartphone-based 3D reconstruction (Muratov et al., 2016; 
Nocerino et al., 2017a; Nocerino et al., 2017b). There are 
continuous and substantial developments in the research 
landscape on rapid digitisation related to the documentation of 
Cultural Heritage. Nowadays these methodologies are able to 
integrate different sensors and to allow an immediate use of 
digital images as systems open to dialogue with database and 
applications, for the interactive experience of digital buildings, 
urban contexts and landscapes (Gaiani et al., 2015). Moreover, 
many experiments are carried out also to find low budget 
acceptable solutions for rapid documentation but mostly 
focussed on virtually-aided visualisation than on metric 
accuracy (Napolitano et al., 2018). 
Nevertheless, research over these years has demonstrated the 
urgent need to go further as regards the interpretation of 
gathered data. Digital models in fact, beyond the mere shape 
acquisition and metric information, are turning into repository 
of knowledge and users increasingly need tools for managing 
and exploiting resources effectively. Enhanced interest in this 
sector is demonstrated by numerous studies on Information 
Systems and web-platforms (Scopigno and Dellepiane, 2017), 
specifically created for heritage scientists for i.a. improving 
analytic and diagnostic activities and creating specific tools for 
restorers, to study, visualise and add information directly on the 
high-resolution 3D model, even on-site. A major benefit indeed 
is the multidisciplinary approach provided and user-friendly and 
operational tools for non-experts. 
Within this framework, an extensive and diversified range of 
solutions are now been developed following CH operator 
requirements and Informative Systems can be an answer to the 
need of integrating data in a platform accessible in multiuser 
mode, that is based upon a 3D high detailed model of the 
cultural asset and that allow to manage all the aspects during the 
whole data lifecycle of the CH. In the more recent projects, 
mention should be made of our team’s contribution to the topic 
as shown in Apollonio et al. (2017, 2018) and Bertacchi et al. 
(2018). 
Another relatively recent emerging technology in the 
Architecture, Engineering and Construction (AEC) sector for 
3D modelling and virtual reconstruction is the Building 
Information Modeling (BIM) standard. Nowadays, the 
increasing attention to H-BIM (Heritage-BIM) is fostered by 
implementations and progresses that allowed its adoption also 
in the Cultural Heritage domain, thanks to integration of reality-
based data captured with sensors, interaction with different 
kinds of data for various analysis, interpretation and 
management of more complex architectural shapes. Some 
interesting review on the topic can be found in the up-to-date 
scientific literature (Quattrini et al., 2015; Logothetis et al., 
2015; Biagini et al., 2016; Banfi, 2017; López et al., 2018; 
Chiabrando et al., 2018).   
However, although parametric model can be congruent with 
metric survey information and many tests have been performed 
on the point transformation into 3D models linked to databases 
(Dore and Murphy, 2017; Pocobelli et al., 2018), the use of 
high-quality polygonal models, especially if mapped with ad 
hoc referenced maps – like UV mapping that is a standard in the 
computer graphics field –, is much less widespread inside BIM 
applications and remains a major difficulty, besides the 
expertise necessary to model families of elements of interest as 
intelligent objects with semantic attributes. 
Over the last decades, in addition, there have been significant 
developments in the use of virtual reality (VR) devices and 
game-engines for the visualisation of 3D models as means of 
spreading cultural awareness of historical events and heritage 
assets (Gonizzi Barsanti et al., 2015). 
Immersive VR application in fact are proved to be a smart 
system of discovery and a way of motivating people to virtually 
deepen knowledge of cultural objects or to learn about new 
cultural places to visit (Fernández-Palacios et al., 2017; García-
León et al., 2018). 
 
2. PROPOSED WORKFLOW 
On this basis, our team has for years been pursuing the 
objective to generate high-detailed reality-based 3D models, 
directing its efforts to develop customised workflows for (i) 3D 
acquisition based on TLS and/or close-range photogrammetry, 
(ii) reliability of colour (Gaiani et al., 2017) and (iii) enhanced 
visualisation of outcomes to fully accomplish and exploit the 
visual potential of models (Cipriani and Fantini, 2018). As a 
matter of fact, our main purpose is having at disposal a high 
level of detail for documentation and knowledge to carry out 
geometrical analysis required by restorers and archaeologists 
(Adembri et al., 2018a; Adembri et al., 2018b) and to foster 
knowledge exchange and share virtually reconstructed heritage 
scenarios to be manageable and easily understood also by non-
experts. To do this, since some very specific demands require 
individual solutions, some previous experiences with 
multidisciplinary working groups have contributed to moving 
towards optimised solutions both in procedural modelling and 
retopology solutions, leaving aside for the moment scan-to-BIM 
approaches. 
The main issue in this procedure is how to combine the huge 
amount of raw available data with their geometrical detail and 
the model effectiveness, often acquired at different times, with 
various tools and methodologies. Hence, the research focusses 
on the definition of optimisation workflows for specific 
complex cultural assets in order to obtain flexible models, with 
optimal visual appearance and geometrical reliability, but 
manageable and without affecting the quality of the 3D model. 
Two different case studies starting from the same “raw” data at 
disposal but with different purpose have been considered as 
representative to test these two solutions: (a) the procedural 
modelling of some vaulted pavilions of Hadrian’s Villa in 
Tivoli (Rome), an articulated archaeological complex repeatedly 
subject matter of a sequence of digital surveys, operated by 
different teams, at different times and with various 
methodologies; (b) the digitisation of the historic centre of 
Chiuro (in northern Italy, Sondrio), a traditional urban site, 
whose documentation is aimed at the visualisation and 
exploration of the town within game-engines (Cipriani et al., 
2018). 
In the following sections, some partial results of these two 
ongoing research will be show. 
The proposed workflow is summarised in Figure 1. 
The two pipelines start both from reality acquisition (through 
photogrammetric and laser scanner survey) achieving the master 
model, that is the high-detailed version of the digital capture. 
Then they differ in the subsequent processing according to the 
final goal: on one side (case A - Roman vaults), there is the 
creation of a model aimed at the heuristic achievement of the 
geometrical features and hypothetical reconstruction of partially 
preserved architecture that is dynamic; on the other side (case B 
- Urban interactive visualisation), a series of steps lead to a 
photo-realistic interactive digital asset that is static since it 
represents an “as-built” scenario. 
Detailing the two options for processing the achieved 3D master 
model, case A is a less automatic modelling method due to the 
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 fact that reconstruction hypotheses are based on collaborative 
interdisciplinary research, therefore a continued collaboration 
with archaeologists, restorers and other professionals involved 
in restoration and maintenance process is necessary. For this 
kind of study, high-detail models are sliced in order to get 
simple primitives (lines, arc of a circle) and a series of contour 
lines that show morphologically salient elements of a building. 
Indeed, only heritage scientists have the expertise to point out 
the presence of relevant architectural elements and traces where 
to position interactive planes in the three-dimensional 
environment to achieve reference sections that can prove useful 
in the reconstruction procedure. 
 
Figure 1. Outlined workflow. 
 
The first step is to find where to locate slicing planes in order to 
identify features: these curves will be used for a series of 
operations starting in general from the plan of the building. So, 
thanks to reverse modelling tools, an idealised and simplified 
plan of the building is redrawn. 
Elements of interest for the understanding of a building’s 
original shape are randomly scattered upon the architectural 
surface: original elements of the floor, decoration, intrados and 
extrados appear here and there without a unique logic. They can 
be identified by means of a careful observation or noticed after 
restoration and maintenance practice. For instance, in relation to 
extrados surfaces, it is quite common to achieve a better 
knowledge of the original aspect of the cupola as the result of 
constructive material removal. Restoration cover made of 
mortar forming a protective layer, in many cases, hide the 
original shape of the building and cannot be detected through a 
common surveying campaign (documenting only the external 
surface of the artefact). 
Moreover, for centric-designed spaces, it is necessary to draw 
the plan in order to find the average centre of the indoor 
environment and consequently the centre of the vault or cupola. 
This element is a major one for the construction of a procedural 
model, because it organises through a radial array the series of 
circular and rectangular niches forming the mixtilinear pattern 
of the building. The advantage of a procedural approach is 
relevant once the model is compared to non-uniform contour 
lines, obtained by means of reverse modelling applications 
(Cipriani et al., 2014a). 
Another major aspect of procedural modelling, facilitating 
creation of common formal rules linking plan and elevation, is 
the presence – in the general layout of Roman buildings – of 
grid-based design. Modules can manage the dimensioning of 
the main elements of a building through a standard procedural 
modelling pipeline. In fact, a modular structure allows the user 
to define all the elements of the construction by referring to a 
specific quantity multiplied by a scalar number or a mathematic 
function. Plans and elevations of Roman centric plan designs 
are usually characterised by simple ratios (1:1); for this reason, 
it is possible to define the majority of the elements of a building 
starting from a limited number of measurements. 
Once 2D templates (generatrix, directrix, etc.) are determined, a 
first division of the building into a series of simple shapes is 
carried out. This phase has the aim to achieve a series of simple 
geometric shapes formed by bi-cubic surfaces. The reason for 
this choice is due to the recent implementation of Boolean 
operators inside a procedural modelling framework in some 
applications. These bi-cubic Catmull-Clark shapes are formed 
by “quads” (Catmull-Clark, 1978; De Rose et al., 1998), namely 
a complex of rectangular polygons then converted into 
subdivision surfaces. This strategy was proven to be quite 
effective in case of highly deteriorated masonry, especially opus 
caementicium vaults and cupolas since it can be converted into 
a light, easy deformable, smooth surface, starting from a draft 
control polyhedron. Due to the difficult understanding of the 
original shape of these vaults, as well as the exact amount of 
mortar laid upon opus mixtum and pozzolanic concreate, a 
procedural bi-cubic surface allows an easy revision of the 
reconstructive model whenever necessary. 
In case B, it is advisable to use a lighter model (mid-poly), 
rather than a highly detailed one, for carrying out more easily 
further processing phases (Cipriani et al., 2014b). In fact, 
master models achieved in the common step usually cannot be 
used on common PC and need highly performing workstations 
and specialised high-end applications of reverse modelling and 
mesh processing. For this reason, in case of specifically-tailored 
game-engine models, a first decimation process is necessary, to 
create an intermediate version lowered in resolution, 
topologically “healed”, whose aim is to form the base for a 
more robust decimation process through a quad-dominant 
remeshing algorithm; this step facilitates further operations to 
be carried out inside entertainment applications that, at the 
moment, can only manage an intermediate amount of polygons 
(ranging from 500.000 to 5.000.000 faces). Then the mesh 
model is split into a subset of polygons, each one characterised 
by a series of common features (semantic enrichment). 
It should be noted that in both cases (in case A manually, 
automatically in B), the shape is reduced to a lower number of 
information sharing some aspects: vector primitives, as well as 
belts or loops of quadrangular polygons, are aligned to 
curvature lines (Jakob et. al, 2015). 
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 Another common aspect is that in several cases these curves and 
sequences of connected edges have a similar arrangement with 
semantic hierarchy of the analysed building, e.g. the sequences 
of edges defining the seams or borders present between two 
constructive elements. 
 
3. HADRIAN’S VILLA VAULTED PAVILIONS 
Hadrian’s Villa, the Roman emperor residence in Tivoli, near 
Rome (2nd century AD), is a unique combination of very 
peculiar buildings, erected with the latest innovation in Roman 
construction, as the concrete technique experimented with 
audacity in the domes (Opper, 2008). What we can see now are 
mostly ruined buildings, after centuries of exposure to 
atmospheric agents, spoliations and restoration works, but that 
still preserve such particular examples of partially preserved 
vaulted pavilions. Various in-depth studies have been carried 
out with the aid of high-resolution models in order to outline 
reconstruction hypotheses: 3D digital models appear to be 
necessary for dealing with these complex structures (for 
instance, because of their considerable height, often exceeding 
ten metres). 
 
Figure 2. Case A workflow applied to the Vestibule of the 
Water Court (Vestibolo di Piazza d’Oro), Hadrian’s Villa. 
Figure 3. Vestibule of the Water Court. Rendering images of 
subsequent horizontal sections of the 3D procedural model of 
the Vestibule. 
 
Over the last few decades, the Villa has been the target of many 
survey campaigns: different teams of archaeologists, architects, 
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 engineers and historians have gained data applying different 
methodologies and instruments. 
In addition, in-depth studies carried out by our research team 
focused on the principal vaulted pavilions of Hadrian’s Villa, 
e.g. Vestibule of the Water Court, Octagonal Hall of Small 
Baths, Heliocaminus Hall, Serapeum complex (Cipriani et al., 
2016; Cipriani et al., 2017). 
In this framework, an initial demanding task is how to combine 
the model effectiveness and the huge amount of raw data, often 
acquired at different times, with several tools and 
methodologies. Then, the aim is how to transfer the essential 
information from the reality-based model to the reconstructive 
model, in order to obtain one or more versions for research 
purposes. In fact, one of the key strengths of procedural 
modelling is the ease of introducing variations without starting 
from scratch each time and providing an immediate response to 
people involved during the study phase (i.e. different 
professionals with different background). 
Our customised workflow to create the procedural model of the 
reconstruction hypothesis has been applied to the Vestibule of 
the Water Court, with the following steps: (1) achievement of 
the master model by processing the TLS survey point clouds 
(Figure 2a); (2) setup of salient geometry through extrapolation 
of 2D primitives and non-uniform contour lines from the master 
model; (3) identification of formal rules for modelling; (4) 
definition of bi-cubic solid primitives and boolean aggregative 
logic. Steps 2-4 are carried out with the software Foundry Modo 
12.0v1 (MODO, 2019). The scheme of operators applied to 
primitive curves to obtain the reconstruction model is illustrated 
respectively in figure 2b-c and 2d-f.  
Finally, we can consider the model as the result of modelling 
operations and relations between surfaces derived from the 
primitive geometric elements. This is very useful in this specific 
case study, in fact, the geometric pattern followed during the 
original project is based upon a radial array, so the change upon 
a slice of the whole structure will affect the entire model, easily 
providing different geometric reconstructions. 
The final output of the procedural modelling technique is the 
3D model shown in figure 3 with some planar sections for 
preliminary geometric analysis of the vaulted space. 
 
4. EXPLORATIVE MODEL OF CHIURO 
The digital acquisition of Chiuro (SO), located in northern Italy, 
is part of an ongoing project for the documentation of the 
original urban structure of the small town, whose interesting 
remains of Mediaeval towers and Renaissance palaces are still 
well preserved. 
Three survey campaigns were carried out during the two-year 
period 2016-2018 using TLS sensor (Leica ScanStation C5) for 
documenting metric information of several streets and some 
significant historic buildings of the central area, capturing more 
than 180 scans (Figure 4). Moreover, close-range 
photogrammetry has interested the same area to achieve surface 
colour information; the campaign with a telescopic shooting 
system (3D-eye) has permitted to acquire also the upper part of 
the building and elevations, otherwise difficult to shoot, 
because of the narrowness of the streets. 
Starting from this large amount of 3D models, the challenge for 
this case study was to convert available information into an 
interactive visualisation in a game-engine, keeping a high 
quality and frame rate (Merlo et al., 2012). 
The use of game-engines provides a useful tool for 
dissemination and cultural consciousness on CH; some key 
strengths are: (i) immersive experience in the CH reconstruction 
can stimulate curiosity and enhance the notoriety of minor 
places to improve tourism and dissemination of small realities; 
(ii) game-engine environments can be used as sets for movies, 
games and documentary, providing a high-quality product; (iii) 
exploration fluency provide a light but well represented tool for 
web visualisation. 
 
Figure 4. (a) Map of Chiuro with scan locations. (b-c) Views of 
some registered scans. 
 
The proposed workflow has been applied to the sixteenth-
century gate situated in the main square of the town (Figure 5). 
The mid-poly model, obtained by the master model mesh, has 
been optimised with a quad-remeshing procedure: starting from 
the triangular mesh, this automatic retopology procedure creates 
a surface composed by quads (Figure 5c-e) that makes it easier 
to achieve the semantic partition (Figure 5f). Texturing on the 
high-resolution mesh has been performed by means of Agisoft 
PhotoScan Professional (PhotoScan, 2019); normal maps of 
each model have been created by normal baking the high-poly 
mesh in Foundry Modo 12.0v1. Then the 3D model with related 
textures and normal maps have been imported in the game-
engine Unreal Engine (Unreal, 2019) to build the scene. Normal 
maps and textures already presented UV mapping, 
automatically recognised in the software. The scene has been 
created using a low-poly model of the streets and the buildings, 
and a medium-poly of some particular areas of interest, i.e. the 
gate of the main square. The scene illumination has been set up 
using a sky sphere, a sky light, a directional light and some spot 
lights. The total polygons present in the scene are about 4,8 
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 million, being the gate composed of 837’006 faces. All textures 
and normal maps have a 4096x4096 pixel size. 
Real-time renders have been tested on a medium-quality laptop 
with the following specifications: Intel® Core™ i7-5500U with 
Intel HD Graphics 5500 (2.4 GHz, 4 MB cache, 2 cores); 16 
GB SDRAM DDR3L 1600 MHz (2 x 8 GB); NVIDIA GeForce 
840M (4 GB DDR3 dedicated). Frames have a 16:9 ratio and a 
1920x1080 pixel resolution (Figure 5g-h). Scene simulations 
have been analysed with Fraps®, a software that can show the 
Frames Per Seconds (FPS) and export statistics (total frames, 
time, minimum and maximum value, average). The average 
result on the tested real-time rendering has a value of 74,1 FPS 
and the minimum value is 55 FPS. These values are compatible 
to a good smoothness of the video. 
Future developments of this ongoing research envisage doing 
further campaigns for the integration of currently missing urban 
areas (some of the models still lack the final texture because the 
acquisition step is still in progress), in order to complete the 
virtual experience of Chiuro. 
 
5. CONCLUSIONS 
The paper focusses on customised and optimised workflow to 
exploit reality-based 3D models of Cultural Heritage, which is 
illustrated by means of two different case studies, namely the 
reconstructive hypotheses of ruined vaulted pavilions preserved 
at the archaeological site of Hadrian’s Villa, and the design of 
an interactive experience for public dissemination in an urban 
structure, the town of Chiuro. These solutions have different 
purposes: on the one hand to use procedural modelling starting 
from available data as a working tool to virtually reconstruct 
ruined architecture and easily modify the digital outcome after 
validation of the hypothesis with CH scientists and experts of 
the topic; whereas on the other hand to optimise 3D models for 
promoting CH contents to the general public by means of game-
engine techniques and virtual solutions (in historic centres). 
Dissemination and study on the material and immaterial aspects 
of complex stratifications, such as those present in historical 
centres and archaeological sites, require a flexible approach, 
open to multiple software and hardware solutions and 
independent from the software producers, that in many cases 
alter optimal workflows for commercial reasons. Cultural assets, 
particularly those with an archaeological nature, cannot be 
simplified through simplifications in contrast with the 
constructive and aesthetic qualities that have determined their 
“fortune” over the centuries. In the scope of historical centres, 
wall stratification, colour, variable forms in which the 
degradation compromises and alters the superficial aspect of 
these artefacts are the essential aspects that allow the user, even 
virtual, to have a complete and conscious experience. 
Both these characteristics, aesthetic qualities intrinsic to the 
shape and suggestion of the passage of time that characterises a 
space, are very far from the technicality and the need to find all-
inclusive software solutions within a unique application. On the 
contrary, a wider set of different software enables a richer and 
fulfilling level of quality of virtual simulacra. The main 
elements of unification between models, underlined in this 
paper, are the geometric and formal criteria underlying the 
construction: the consistency of their components (edges, 
polygons) with buildings formal and constructing features. In 
particular, “quads” lead to a more reliable representation of the 
intrinsic characteristics of the form they are supposed to 
represent, facilitating the dialogue among applications and 
future updates. 
 
Figure 5. The sixteenth gate situated in the main square of 
Chiuro: (a) Point cloud; (b) Photogrammetric model; (c-d) 
Remeshing procedure in InstantMeshes (GitHub); (e) Quad-
dominant isotropic mesh; (f) Semantic partition; (g-h) Frames 
derived from a walkthrough in the game-engine scene. 
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